At concentrations up to 1 mM, L-asparagine was accumulated by Saccharomyces cerevisiae X-2180 at 30 "C against a concentration gradient. Values for KT and V,,, were, respectively, 3-5 x M and 33 nmol (mg dry wt)-' min-l . At concentrations below 0.1 mM, a convex curve was obtained on a Woolf-Hofstee plot, possibly indicating the presence of two L-asparagine-binding sites. Autoradiograms of extracts of organisms that had accumulated labelled L-asparagine revealed only one spot with an RF value identical with that of L-asparagine. Four mutant strains lacking the ability to synthesize the general amino acid permease system grew and accumulated L-asparagine at similar rates to the parent. The rate of accumulation of L-asparagine from a 0.2 mM solution was greatest at pH 4.5, with the decrease in accumulation rate greater at values below than above 4.5. L-Glutamine, L-histidine, L-methionine, L-threonine and L-tryptophan caused appreciable inhibition of the rate of L-asparagine accumulation. With the exception of Lmethionine, the inhibition caused by these amino acids was competitive. Several other amino acids, including D-asparagine and L-aspartic acid, caused little or no inhibition of L-asparagine accumulation.
INTRODUCTION
Saccharomyces cerevisiae synthesizes two types of system for transporting amino acids across the plasma membrane. A general amino acid permease (GAP) transports both D and L isomers of all basic and neutral amino acids, but not proline. Synthesis of the GAP is repressed when the yeast is grown in media containing ammonium ions Grenson & Hou, 1972) . In addition, S . cerevisiae can synthesize at least 10 transport systems, each of which is specific for just one or a small number of L-amino acids. These include specific systems for transporting arginine Chan & Cossins, 1976) , branched-chain amino acids (Gits & Grenson, 1969; Bussey & Umbarger, 1970a, b) , dicarboxylic amino acids (Joiris & Grenson, 1969; Darte & Grenson, 1975) , histidine , lysine (Grenson, 1966) , methionine (Gits & Grenson, 1967) and proline (Lasko & Brandriss, 1981) . Tryptophan (Larimore & Roon, 1978) , tyrosine and phenylalanine (Greasham & Moat, 1973) , and probably alanine and glycine , are transported only by the GAP. Of the remaining major L-amino acids, namely asparagine, cysteine, glutamine, serine and threonine, little has been reported on specific mechanisms for their transport into S. cerevisiae, although with the exception of proline they are all known to be transported by the GAP. Keenan et al. (1982) have, however, shown that L-asparagine is accumulated by S . cerevisiae NCYC 366. On the other hand, Dunlop & Roon (1975) isolated a GAP-negative mutant of S. cerevisiae X-2180 which was unable to accumulate L-asparagine, and they inferred that this yeast was unable to synthesize a specific transport system for the amino acid. The present paper reports data which show that S . cerevisiae X-2180 is able to synthesize a specific mechanism for accumulating L-asparagine under conditions in which the GAP is not expressed, and describes properties of this transport mec hanism. (Wickerham, 1951) . The yeast was grown aerobically (Patching & Rose, 1969) in a medium containing (1-l): glucose, 20 g; (NHJ2S04, 3 g; KH2P04, 4.5 g; CaC1,. 2H20, 25 mg; MgSO,. 7H20, 25 mg; and yeast extract (Lab M; London Analytical & Bacteriological Media, London), 1 g. Growth was followed by measuring turbidity at 600 nm, and organisms were harvested from late-exponential phase cultures (0.24426 mg dry wt ml-I) by filtration through a membrane filter (0.45 pm pore size, 50 mm diam. ; Oxoid).
Four mutants of S. cerevisiue X-2180, lacking the GAP, were isolated by an adaptation of the method of Rytka (1 975). Organisms, after treatment with ethyl methanesulphonate, were plated on to defined medium supplemented with Dserine, D-tryptophan, Dhistidine or D-methionhe, each at 10 mM. After incubation for 3 d at 30 "C, single colonies were streaked on to plates of medium containing (1-I): peptone, 20 g; yeast extract (Lab M), 10 g; glucose, 20 g; and agar, 20 g. After a further 3 d incubation at 30 "C, colonies were streaked on to plates of defined medium containing one of the four D-amino acids, and with or without (NH4)2S04 (1 g 1-l). Mutants which grew on such a medium were considered as GAP-less mutants. They were maintained on slopes of defined medium containing a D-aminO acid, The defined medium contained (1-l): glucose, 20 g; KH2P04, 4.5 g; MgS0,.7H20, 25 mg; CaC1, .2H20, 25 mg; inositol, 10 mg; calcium D-pantothenate, 1 mg; pyridoxine HCl, 1 mg; thiamin, 1 mg; biotin, 20 pg; and agar, 20 g.
Measurement ofthe rate ofsolute accumulation. Organisms which were to be used to measure the rate of solute accumulation were washed with PIPES buffer (10 mM) adjusted to pH 4.5, suspended at 15 mg dry wt ml-1 in the same buffer and stored in an ice-water mixture. The suspension used to measure the rate of solute accumulation comprised PIPES buffer containing 100 mM-glucose, 20 ~M-(NH,),SO,, 0.5 mg dry wt organisms ml-I and solute in the range l 0-6-10-3 M including both radioactive and non-radioactive compounds. The radioactive concentration of L-[U-' 4C]asparagine was 5 kBq pmol-', The suspension was contained in a round-bottomed Quickfit flask (100 ml capacity) fitted with two sampling ports. When preparing the suspension the flask was maintained in a water bath at 30 "C and its contents were stirred magnetically. The experiment was started by adding solute (tracer and carrier), or, when inhibition was to be measured, solute and inhibitor, to the flask. Portions (1 ml) were removed at predetermined time intervals, filtered rapidly through cellulose acetate membrane filters (0.45 pm pore size, 25 mm diam.; Oxoid) and the filter and cells immediately washed with ice-cold PIPES buffer containing 1 mwasparagine. Filters were then transferred to scintillation vials containing 4 ml Unisolve liquid scintillator no. 1 (Koch-Light). The radioactivity of the vial contents was measured in a Packard Tricarb liquid scintillation spectrometer (model 3385), and the values corrected for counting efficiency. Rates of accumulation were determined from plots of the time-course of accumulation for up to 255 s. Woolf-Hofstee plots (Hofstee, 1959) were used to calculate KT and V,,, values for transport systems. The extent and type of inhibition of accumulation of L-asparagine was determined by plotting the ratio of the initial uptake rates, with (v,) and without ( 0 ) inhibitor present, against inhibitor concentration; this is an adaptation of the method of Dixon (1953) .
The fate of accumulated L-[ U-I4C]asparagine was followed by examining boiling-water extracts of organisms incubated for 15 min in the presence of 0.2 mM-L-[14C]asparagine. Organisms were removed from suspensions as already described, and filters with organisms immersed in 10 ml water at 100 "C for 10 min. The suspension was then filtered through a membrane filter (0.45 pm pore size, 25 mm diam.; Oxoid) and the radioactivity of the filtrate measured. The debris was then washed with L-asparagine, the filter with washed debris transferred to a scintillation vial and the radioactivity of the contents measured. Compounds in the filtrate were separated by paper chromatography using the solvent system : phenol/water/25% (v/v) aqueous ammonia (sp.gr. 0.88) (80 : 20 :0-3, by vol.). Chromatograms were dried, sprayed with ninhydrin (0.1 %, w/v, in n-butanol saturated with water) and the location of spots marked. They were then exposed to photographic plates (Kodak Industrex C) for six weeks.
Chemicals. All chemicals used were of Analar grade or of the highest purity available commercially. Radioactively labelled compounds were purchased from Amersham.
RESULTS
Kinetic values for L-asparagine accumulation Plots of initial rates of L-asparagine accumulation against concentration, up to 1 mM, indicated that accumulation involved only one transport system over this range of concentrations. A Woolf-Hofstee plot (Fig. 1) The initial concentration of L-asparagine was 0.2 mM. Amino acids were added to the suspension to a final concentration of 2.0 mM. 
0
for up to 10 min revealed only one spot which had an R, value identical with that of a simultaneously run standard of L-asparagine. Four GAP-less mutants grew at rates identical with that of the parent strain, while the rates at which these mutants accumulated L-asparagine (from a 0.2 mM solution) were very similar to the parent [range 11.4-16.8 nmol (mg dry wt)-' min-l for the mutants, compared with 14-6 & 2.8 (s.E.M.; 46 determinations) for the parent].
Eflect of p H value on accumulation of L-asparagine
The rate of accumulation of L-asparagine from a 0.2 mM solution was greatest at pH 4.5, with the decrease in accumulation rate greater at values below, than above, pH 4-5 (Fig. 2) .
Spec$city of the transport system for L-asparagine Of 12 amino acids tested for their capacity to inhibit transport of L-asparagine, only five, namely L-glutamine, L-histidine, L-methionine, L-threonine and L-tryptophan, caused appreciable inhibition (50% or more of the rate of accumulation in the absence of the inhibitory amino acid) (Table 1) . When L-histidine was tested at pH 4.5, there was little inhibition of transport of
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L-asparagine. However, when PIPES buffer was adjusted to pH 6.25, L-histidine caused an appreciable inhibition of L-asparagine transport. The inhibition by L-methionine was noncompetitive unlike that caused by each of the other four amino acids.
DISCUSSION
In order to establish unequivocally that S . cerevisiae can accumulate L-asparagine by a specific mechanism, it is necessary to eliminate possible alternative explanations of the data reported in this paper. L-Asparagine is accumulated by the GAP . However, synthesis of this transport system is repressed in S. cerevisiae grown in media containing ammonium ions , as the strain was in the present study. Further evidence for the lack of involvement of the GAP in L-asparagine transport came from the discovery of very similar growth rates and L-asparagine accumulation rates in four GAP-less mutants of S. cerevisiae X-2180. Moreover, D-asparagine, which is accumulated by the GAP (Grenson et al., 1970) , did not inhibit accumulation of L-asparagine. Dunlop & Roon (1975) reported the presence in S . cerevzsiae X-2180 of a periplasmically located asparaginase, designated asparaginase 11, which led to the assumption that this enzyme is involved in assimilation of L-asparagine by the yeast. Several data indicate that asparaginase I1 was not involved in assimilation of L-asparagine under the conditions used in our study. Dunlop & Roon (1975) showed that S . cerevisiae X-2180 has very low levels of asparaginase I1 when grown in presence of ammonium ions and used without starvation, conditions which were employed in the present study. These data are in agreement with those of Jones & Mortimer (1973) . In addition, Dunlop et al. (1976) showed that D-asparagine is the preferred substrate for asparaginase 11. Further evidence against a role for asparaginase I1 in L-asparagine uptake came from the finding that D-asparagine had virtually no effect on the rate of L-asparagine accumulation. Moreover, if asparaginase was involved in assimilation of L-asparagine, radiolabelled L-aspartate would be transported across the plasma membrane. The low level of Laspartate inhibition of the transport processes argues against the possibility that transport of Laspartate is involved in assimilation of L-asparagine. Finally, the finding that only L-asparagine could be detected in autoradiograms of cell extracts also supports the view that asparaginase I1 is not involved in accumulation of L-asparagine.
Organisms suspended in a 0-2 mM solution of L-asparagine accumulated about 100 nmol Lasparagine (mg dry wt)-l after 10 min. Assuming that 1 mg dry wt organisms contains 1-2 pl water (Beavan et al., 1982) , the intracellular concentration of L-asparagine was in the range 50-100 mM. It can be concluded that accumulation was against a substantial concentration gradient.
At concentrations above 0.1 mM, the Woolf-Hofstee plot showed that L-asparagine was transported into S. cerevisiae by a single system. Convex plots, such as that observed at concentrations below 0.1 mM, have been reported with uptake by yeasts of cations (BorstPauwels et al., 1971; Borst-Pauwels, 1973 ) and sugars (Janda et al., 1976; Kotyk & Michaljanitova, 1979) . At low concentrations of L-asparagine, the rate of accumulation was slower than that predicted by Michaelis -Menten kinetics. A possible explanation for this finding is that, in addition to the L-asparagine-binding site involved directly in transport, there are one or more additional binding sites, occupation of which is necessary to activate the site involved in transport of the amino acid. It is also possible that multiple occupation of additional binding sites facilitates movement of the carrier through the plasma membrane. At low concentrations of L-asparagine, binding to the additional site(s) could have lowered the concentration of L-asparagine to a value at which the rate of accumulation was affected. At high concentrations of the amino acid, all binding sites would be saturated, so that the effect would not be manifested.
Assuming that competitive inhibitors are accumulated by transport systems which they inhibit, the system examined in the present study is one which accumulates L-glutamine, Lthreonine and,possibly L-tryptophan, as well as L-asparagine. Since D-asparagine did not inhibit accumulation of the L isomer, it would seem that the system has a requirement for L-amino acids.
A further requirement would seem to be that the molecule to be accumulated must be uncharged in the region distal to the amino headgroup. Thus, amino acids that failed to inhibit accumulation of L-asparagine, namely L-aspartate, L-glutamate, L-histidine (at pH 4.5 but not at pH 6.25) and L-lysine, all have charged groups distal to the 2-amino headgroup. L-Valine, another amino acid which failed to inhibit accumulation of L-asparagine, has a structure very similar to that of L-threonine, with a methyl group rather than a hydroxyl group on the terminal carbon atom. This hydroxyl group may, therefore, enhance binding of L-threonine to the transport protein.
